A small model aerodynamic tests of the combined cycle engine were carried out to evaluate its performance in subsonic and supersonic conditions. In this regime of the flow speed, the combined cycle engine operates as an ejector-jet or ramjet. The nitrogen gas was exhausted as the substitution for the actual rocket gas. In a subsonic condition, there appeared local pressure rise at the kink point of the ramp, increasing the pressure drag. Both wall pressure and the pitot pressure distribution at the exit of the model suggested that the flow structure is "two-layered" ; one is subsonic induced air flow, and the other is the supersonic rocket exhaust. A slit was carved on the topwall inside the isolator section, expecting a better suction performance in the ejector-jet mode. The modification actually had an effect to enhance the lower limit of the rocket pressure at which the choking of the induced air is achieved.
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Introduction
As the limit of the earth resource became a grave issue to the prosperity of the mankind, more active development of the space environments became a realistic topic of today. However, the expendable rocket system essentially has problem of a cost. For more frequent and safer space transportation, the concept of reusable launch vehicle (RLV) was introduced and has been studied for decades. One of the key technologies which determines the success of RLV is a reliable and economical reusable engine which can accelerate the vehicle from a launch state to the earth orbit. An airbreathing combined cycle engine (CC engine), based on the rocket and ramjet technologies, was proposed to satisfy such requirements 1) . In Japan Aerospace Exploration Agency (JAXA) Kakuda Space Centre, these two technologies have been studied for several years 2, 3) , and the very first prototype of the CC engine model
was constructed 4) and tested in December '06 and March '07 at sea-level static condition 5) . Subsequently, the engine was tested in Mach 4 flight condition in April and November, '07 6) . The engine, which is designated as "E3" (Experimental Engine 3), was designed to achieve four different combustion cycles, each of which covers the specific flight speed regime.
In the design philosophy, from zero to Mach 3, the ejector-jet mode is adopted, followed by the ramjet mode in which the vehicle accelerates up to Mach 7. When the speed of incoming air to the combustor becomes high supersonic, the engine switches to the scramjet mode, and pure rocket mode takes over in the higher atmosphere where the airbreathing cycle is no longer effective.
The E3 engine has been being tested in Ramjet Engine Test Facility (RJTF) 7) , which can reproduce the flight conditions at the desecrate Mach numbers of 0, 4, 6 and 8. It has an overall length of 3 m and capable of actual firing tests with rockets and secondary fuels. However, due to its large scale and the facility limitation, number of experiments are rather restricted. To compensate the data, 1/5th scale model were constructed and tested in smaller wind tunnel to obtain the aerodynamic characteristics of E3. The first series of tests were carried out in a static (no incoming air) or subsonic conditions. In this case, the engine was in "ejector-jet"mode. The test in the subsonic flight speed is impossible in RJTF, so the current tests were vital to evaluate the performance of E3 in such low speed regime. In the latter series, tests were conducted in supersonic condition to examine the feasibility of the engine in "ramjet" mode. One other issue that should be mentioned is the adoption of the "slit" isolator. The suction performance in the ejector-jet mode was expected to be improved by this modification. The basic characteristics, such as the wall pressure, pitot pressure at the exit, were obtained to evaluated aerodynamic performance of E3. Figure 1 shows the schematics of the current model. The air was compressed in the "double staged" inlet 8) , then went through the isolator section. A pair of nozzle was installed in the isolator housing and nitrogen or helium gas was exhausted to simulate rocket gas, which in E3, is the combustion mixture of hydrogen and oxygen. The combustor section consisted of three sections; a constant area duct at the upstream, a divergent duct in the mid part, and the other constant area duct at the donwstream. This configuration was simulates the early design of E3. E3 has now no upstream constant area section 6) . At the exit of the combustor, the secondary throat was installed to mimic the pressure rise by the combustion in the ejector-jet mode. Throat block was replaceable and with the block, the area at the exit was reduced to 92% of the constant area. Lower side of the engine was covered by the cowl with inwardly "droop"ed leading edge 9) . The effect of the droop cowl in the low Mach number region was to reduce the pressure rise on the inlet ramp surface and to enhance the starting capability at the ramjet mode transition phase.
Model and Apparatus

Model geometry
In the current tests, the model with a slit carved on the topwall in the isolator was also examined. The original idea of the slit was introduced by Kouchi et. al 10) , in order to increase the contact surface between the induced air and the rocket gas, so that the mixing would be enhanced. The dimension of the slit can also be found in Fig.1 .
Wind tunnel and measuring devices
All experiments were conducted in the "sub-scale RJTF wind tunnel" in JAXA Kakuda. This wind tunnel was constructed as a test bed for RJTF. It has several interchangeable nozzle blocks each of which could simulate different Mach number from subsonic to Mach 6.7. For the current experiments, subsonic and Mach 3.4 nozzles were utilized. Note that Mach 3.4 corresponded to Mach 4 flight conditions, since the engine inhales the flow which is supposed to be compressed by the air frame. In subsonic tests, the total pressure was chosen to realized the static pressure of the flow matching to the atmospheric pressure. In other words, the actual flow speed is basically depends on the value of total pressure. The averaged Mach number varied ±0.01, among the all the tests with same nominal conditions.
The actual incoming flow quantities with their uncertainties are summarized in Table 1 . 
Fig. 2. Schematics of wind tunnel
The exit of the nozzle had a rectangular shape of 10 cm by 10 cm. The flow was exhausted to a box shape test chamber (see Fig. 2 ). Downstream of the chamber was an airejector system which, however, was not employed for the current tests. In the box chamber, a skeletal frame was formed to support a thrust measuring bed and the model positioning device. The model was hanged from the positioning device and capable of adjusting its vertical location during the tests. For the current cases, the topwall surface of the model was aligned to the nozzle inner surface.
At roughly 180 points on the inner and outer surface, the pressure was measured, as well as the five pitot pressures on the center line of the exit plain. All the wall pressure data were obtained with PSI R 8400 electronic scanning system with 45 psia (300 kPa) range multi-port sensors. End to End uncertainty of the pressure data was within 0.5% of full scale (FS). Total pressure and the other wind tunnel pressure data were individually obtained by the pressure transducers and processed on the PC. The end to end uncertainties were also within 0.5% FS of the sensors. Figure 3 shows the comparison of the topwall (open symbol) and cowl wall (filled symbol) pressure distributions with various subsonic incoming flow. The total pressure of the rocket gas (P rkt ) was 3 MPa and the height of the secondary throat was fixed to be 37 mm. Note that, in this condition, choking at the exit of the model was not established. The arrow on the left side of the figure corresponds to the freestream static pressure level. At each kink point of the ramp surface, there observed a local pressure rise in Mach 0.5 or 0.8 cases, indicating the increment of the pressure drag in high subsonic condition. The effect was more prominent with higher Mach number flow. Due to the contraction of the flow passage downstream of the cowl tip, the flow was naturally accelerated. A theoretical Mach number at which choking occurs at the entrance of the isolator section (or the inlet end) was 0.58. In Mach 0.8 case, therefore, some of the air flow was diverted, and there appeared another pressure rise around the inlet end, apparently increasing the pressure drag. 
Results and discussion
Wall pressure distributions
Fig. 3. Pressure distributions in subsonic flow
The pressure rise could also be confirmed in Fig. 4 , which shows the Mach number distribution deduced from the local wall pressure. In case of Mach 0.8, just upstream of the inlet end, there formed low speed regime which corresponded to the local pressure rise. The same kind of phenomena was also observed in smaller model experiments and CFD results 11) . The flow pattern inside the isolator was not so different in each Mach number case. At the entrance of the isolator, the pressure on the topwall was lower then choking limit of the incoming flow, while the cowl pressure at the same location was somehow higher than the choking limit. The result suggests that the flow over the topwall surface was accelerated when it turned around the corner of the inlet / isolator junction point, but the acceleration on the cowl surface was more moderate, as can also be seen in Fig. 4 . The pressure on the cowl and topwall then tuned to match around the exit of the isolator section. In the combustor, as was previously observed in the smaller model cases 11) , the distribution of the topwall pressure was rather "bumpy," while the pressure on the cowl showed smooth increment all along the combustor section. The phenomena suggests that the flow was two-layered, one in subsonic near the cowl surface, and the other in supersonic near the topwall. The subsonic air flow near the cowl transmitted the exit condition to the upstream, so in the high subsonic case, the pressure inside the combustor section showed lower level than that of low subsonic case. 
Fig. 4. Local Mach No. distributions
At Mach 3.4, the incoming flow was compressed by the oblique shock wave emanated from 1st and 2nd ramp, as could be seen in Fig.5 . The flow then turned to parallel to the engine axis by the cowl-originated shock wave, and the expansion wave from the inlet-isolator junction. There could be seen no substantial difference in the pressure distributions in the inlet and isolator, nor the pressure jump due to the cowl shock impingement. The results indicated the good starting capability in the low supersonic regime, regardless of the rocket pressure level. The pressure inside combustor section repeated rise and fall due to the shock / expansion wave reflection, and the magnitude of the pressure level was affected by the rocket pressure.
From the results of the previous tests with the same kind inlet models 12) , the pressure ratio and the Mach number ratio between the freestream and the averaged one at the exit of isolator, Psr and Mr respectively, have the relation as follows;
Psr can be approximated as the ratio between freestream static pressure and the averaged wall pressure at the isolator end, and in the current case, it was 4.69, which gave Mr as 0.56.
According to the same reference, the capture ratio, ηm, can be approximated by the function of Mr, as;
which gave ηm = 0.50 for the current model. Note that the total pressure recovery by the reference was 0.6 to 0.8, which could be applied for the current model, too. 
Exit condition
In the current tests, only 5 points along the centerline of the exit plain were chosen for measuring the pitot pressure. Thus, the results were not conclusive enough to determine the averaged flow properties (such as a total pressure) at the exit plain. Here, only the qualitative distributions are discussed. Note that the static pressure required to evaluate the Mach number, was interpolated from the sidewall pressures at the exit of the model. In subsonic case, as is shown in Fig. 6 , Mach number at the exit showed flat distribution on the vertical direction without the rocket exhaust. At the core of the flow, the speed decreased to 1/3 of the freestream. When the rocket was exhausted, the flow speed around 10 to 20 mm from the topwall, which corresponded to the rocket gas, drastically increased to supersonic speed of 1.5 at maximum. However, within 10 mm region from the cowl surface, which roughly corresponded to the induced air flow, was not affected by the rocket exhaust. The results again supports the two-layered flow structure. Note that at 0 mm, the pitot pressure was slightly less than estimated static pressure. It seemed that the flow was in a stagnant condition due to the blockage by the secondary throat block. In Mach 3.4 flow condition, the flow was supersonic everywhere in the measured region which is confirmed in Fig. 7 . With lower P rkt . the Mach number around 10 to 20 mm region was decreased. As was described in the previous section, the mass flow and the total pressure of the incoming air were estimated by the empirical relations, and they were 0.3 kg/sec and 0.6 MPa, respectively. At P rkt = 0.47 MPa, the mass flow of rocket gas was 0.05 kg/sec, which was substantially lower than the air flow. The interaction between the rocket gas and air reduced the total pressure and the flow speed in the process. Until P rkt comes to a certain value (in this case roughly 2.2 MPa) and the mass flow rate comes to comparable to the air flow, the interaction decelerate the flow speed. Like subsonic cases, the speed of the air stream near the cowl surface was not so affected by the rocket exhaust.
Suction performance in ejector-jet mode
The mass of air flow in the subsonic condition was evaluated by examining the sidewall pressures at the entrance of the isolator section. The averaged of three pressure data along the lateral direction was utilized to assess the local averaged Mach number, M th . If the isentropic process is assumed, the mass flow rate, ρu, can be written as the function of M th as follows;
ρu is then normalized by the choked value;
The normalize flow rates for various Mach numbers are compared by varying the P rkt , as is shown in Fig. 8 . As was mentioned earlier, at Mach 0.8, the incoming flow was accelerated to the sonic condition by the geometrical contraction, so the mass flow rate was constant independent to P rkt . At lower Mach number, the ejector effect could be observed as the increase of the mass flow rate. At stationary condition (M 0 = 0), the choking was achieved with P rkt = 1.1 MPa, while it was established as low as 0.5 MPa in Mach 0.5 case. As could be found in Fig. 9 , which represents the local Mach number at various P rkt at Mach 0 case, the choking always occurred roughly at the corner of the isolator entrance, independent to the P rkt . The majority of the flow inside the isolator section was roughly supersonic, and thus the pressure rise inside the combustor section (due to the increment of P rkt ) did not affect the choking status. The reason for the constant mass flow rate in high P rkt region, which could be observed Fig. 8 (and also in Fig.10 ), was the result of this flow structure. The effect of the slit in the isolator section to the suction performance was also examined. Figure 10 shows the comparison of the mass flow rate with and without the slit. Note that, in this case, the secondary throat was removed. With low P rkt , there could be seen a difference between two cases. With the slit, the mass flow reached to the choking condition with somehow lower P rkt , by 200 kPa. After the mass flow reached to its maximum, it kept constant independent to P rkt . In Fig. 11 , local pressure distributions inside the isolator section at several P rkt conditions are presented. Each condition corresponds to the point shown in Fig. 10 and the pressure hole locations can be found in Fig. 12 . At point A, the entire section was in subsonic condition and the pressure on both cowl and topwall showed flat distribution. At B, with the slit, the pressure on the cowl or topwall (in the slit) became roughly choking level. Without the slit, the pressure at the end of the isolator became choking level. It should also be noted that the pressure distribution still remained flat at point B. At C, with higher P rkt , the most of the isolator section showed lower pressure than choking level, especially with the slit, and the pressure varied along the flow direction more evidently. If the flow is assumed to come in parallel to the isolator duct at its entrance and the averaged Mach number there is assumed to be unity (which could be assumed from the Mach number distribution in Fig. 9 ), the flow then turns by 18 degree into the slit. (see Fig. 11 ) P w3 roughly corresponds to the the value achieved by the Prandtl-Meyer expansion wave. The expansion wave reflected on the cowl surface, and reduces the pressure. However, since the expansion occurred only inside the slit, the effect of the expansion wave then mitigated as the flow goes to the exit of the isolator. The pressure at the end of the isolator (P w5 ) came nearer to the value at which the flow is accelerated isentropically in an accordance with the area change between isolator entrance (A th ) and its end (A i ). The reason that the slit enhances the choking region toward lower P rkt is still inconclusive. However, with higher P rkt , it is clear that the slit accelerate the flow by generating the local expansion wave.
Conclusion
The small scale model of the combined cycle engine was tested in a subsonic and supersonic condition. The rocket exhaust was simulated by a nitrogen gas and the performance in an ejector-jet and ramjet mode were examined. The following results were obtained.
(1) The double stage inlet caused the pressure drag increment in high subsonic flow, due to the kink on the ramp and the contraction at the end of the inlet. (2) In Mach 3.4 condition, the model showed good starting capability even with high rocket pressure.
(3) From the exit pitot pressure survey, the flow was found to be "two-layered," as it was also deduced from the wall pressure distribution, in the ejector-jet mode.
(4) By carving the slit on the topwall inside the isolator, the choking of the air flow was achieved with a lower rocket pressure. The slit created expansion wave, which accelerated the flow into the combustor section, with high rocket pressure.
